Preparation of GaGdN Epi-layers and Experimental Procedures Preparation of GaGdN Epi-layers
The samples were prepared on a (0001) plane of a sapphire substrate laminated by an n-type GaN template by a radio-frequency plasma-assisted molecular beam epitaxy method. Elemental Ga, Gd and plasma-enhanced N 2 were used as sources. The growth temperature is 700°C, the nitrogen flow rate 1.5 sccm, the RF power 180 W, and the Gd cell temperature 1100°C. Two samples were grown with different Ga cell temperatures, which were arranged to be two different vapor pressures between 0.7 × 10 -7 Torr and 1.8 × 10 -7 Torr. Here, a sample grown under the higher Ga vapor pressure (Ga rich condition) is labeled as a "Type I" and a sample under lower pressure as "Type II". The GaGdN layers are piled up for one hour, and finished by the thin (one minute growth) GaN cap layer. The epitaxial growth of layers well oriented perpendicularly to the growth direction is ovserved. The Gd concentration which was estimated from the peak hight of the XANES spectra in comparison with known samples is less than 0.5 atomic percent.
Experimental Procedures
X-ray absorption spectroscopic (XAS) measurements of X-ray absorption near edge structure (XANES) and X-ray absorption fine structure (XAFS) were performed at a beamline BL9A in PF, KEK. The synchrotron radiation storage ring run at electron energy of 2.5 GeV and in an electron current of 450 mA in top-up operation. The beamline BL9A is installed with a Si (111) double-crystal monochromator and a pseudo-conical shape mirror for collimation of incident X-rays. Monochromatized synchrotron radiation was focused on the sample by a second pseudo-conical shape mirror with a 1 mm x 1 mm beam size. The X-ray energy was calibrated at the pre-edge of the Cu foil (12.7185 degrees). The spectra were detected with a solid-state detector (SSD, Ge:Li) with 19 elements. A high purity (99.95%) aluminum pipe was set just before the specimen to block detector reception of elastic and inelastic scattering by air in the X-ray path to the specimen. The XANES spectra were taken with 0.8 eV step in energy and 3 seconds per each point in accumulation time. Measurements were performed at room temperature. The observed spectra were analyzed by a code REX2000.
Results and Discussion
To find the nitrogen vacancy, we mainly observed the XANES spectra at the L III -edge of the dopant Gd ion and furthermore XAFS spectra to obtain the local structure around the Gd ion. XAS has an advantage of the element specification. XANES indicates the energy region from the threshold of the absorption edge to several ten eV in the absorption spectrum, where multi-scattering process dominantly reflects on the absorption spectrum. Therefore, vacancies may be detectable, while it is very difficult to extract the information on vacancies from the XAFS spectra and the standard analysis. We found two types of XANES spectra at the Gd L III -edge, depending on the growth parameters. Figures 1(a) and 1(b) show the XANES spectra. Figure 1(a) gives the spectrum from "Type I", in which the remarkable features (indicated by arrows) as a shoulder peak at 7253 eV and as a small hump at 7268 eV are recognized. On the other hand, figure 1(b) does not present any spectrum structures at those energy regions, and shows the same spectrum shape as other Gd compounds. The sharp peak, called as a white line, in the spectrum from "Type II" slightly shifts to higher energy by about 2 eV than that of "Type I". To inspect the origin of the spectrum variety between the samples "Type I" and "Type II", the simulation by a code FEFF is carried out with three types of the coordination environment around the Gd ion up to the second nearest neighbors: (a) the complete set the coordination environment with C 6v symmetry, (b) one nitrogen vacancy at the first nearest neighbor, and (c) one Ga vacancy at the second nearest neighbor. We find the similar spectra for the coordination environment types (a) and (c) in the simulation spectra to the observed one of the "Type I". The "Type II" spectrum is nearly same as the coordination environment of the types (b). Consequently, the simulation results suggests that the sample presenting the "Type II" spectrum contains the nitrogen vacancy adjoining the dopant Gd ion.
X-ray diffraction (XRD) profiles were taken to confirm the situation of the coordination environment described above. XRD profiles of both "Type I and Type II" strongly support our finding in the XANES analysis. The profile of "Type I" gives a peak originated from GaGdN at the lower angles than that of the GaN template. This fact means elongation of the lattice along the c-axis of GaGdN and no relaxation of the lattice constant in GaGdN. "Type II" profile shows no additional peak, leading to the relaxation of the GaGdN lattice to that of GaN template (substrate) and as a result, suggesting that the vacancies are created. It is worth to note that the lattice of GdN is much larger than the host GaN. The details will be presented in the conference and its proceeding.
Formation of the nitrogen vacancy adjoining to the Gd dopant ion may be qualitatively explained by the facts that nitrogen ion is more favorable to combine chemically with Ga ion than Gd ion, and that the ionic radius of Gd ion is much bigger (about 1.6 times) than Ga ion. The suitable model for the formation of the nitrogen vacancy adjoining to the dopant ion Gd is under consideration.
Conclusion
We find two kinds of the coordination environment around the dopant ion Gd that is the complete set and one vacancy adjoining to the Gd ion, depending on the growth parameter. XRD profiles strongly support this finding.
